







RETRIEVAL OF REFLECTANCE FROM 1989 AIRBORNE 
VISIBLE/INFRARED
IMAGING SPECTROMETER (AVIRIS) DATA USING LOWTRAN 7
ATMOSPHERIC MODELS
A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF THE 
REQUIREMENTS FOR THE DEGREE OF MASTER OF SCIENCE, IN 
HYDROGEOLOGY/HYDROLOGY
BY
FREDERICK PETER PORTIGAL 
DR. ELVIDGE, THESIS ADVISOR 
APRIL 1992
tWR LfBRARr
The thesis of Frederick Peter Portigal is approved:
1
f« - t>  6 ,  l i H 2"






I would like to thank UNOCAL Science and Technology Division, Remote 
Sensing group in Brea California, and Dr. A. Prelat in particular for their generous 
remote sensing Fellowship. It was Dr. Prelat’s offer of support at the DRI which 
enabled me to pursue graduate studies. I am truly grateful to him for the 
opportunity. I would also like to thank the Desert Research Institute and my 
committee including Dr. C.D. Elvidge, Dr. J.V. Taranik and Dr. D.A. Mouat for their 
guidance and friendship. Finally, I would like to thank my wife, Alison for her 
support and encouragement through our "Nevada experience".
Ill
ABSTRACT
This research has demonstrated that atmospheric models may be used to 
extract ground reflectance from AVIRIS data with an accuracy within one to three 
percent of an empirically based method. In this study a single ground target of 
known bi-directional reflectance was utilized in conjunction with a radiosonde 
atmosphere to produce a forced-fit function. This function, when applied to the data, 
compensates for differences between the LOWTRAN 7 model and AVIRIS radiance 
data which result from problems with the radiometric calibration. A model which 
uses only default LOWTRAN 7 options without the forced fit procedure was also 
tested and compared with the empirical calibration. This default LOWTRAN 
calibration is surprisingly accurate given the fact that the atmosphere used is the mid­
latitude summer urban model with 20 kilometer visibility, which would vary greatly 
from the actual atmospheric conditions at the time of the overflight. The empirical 
and LOWTRAN calibrations are then applied to pixels extracted from a Riparian 
forest over Stanford University’s Jasper Ridge Biological Preserve and a comparison 
is made with the laboratory reflectance spectra of green leaves for two of the forest’s 
dominant tree species, Salix Laevigata and Salix Lasiandra.
Atmospheric chemistry and structure is discussed in order to better understand 
atmospheric models. AVIRIS ratio images are used for mapping the spatial 
distribution of water vapor, oxygen, ozone and carbon dioxide. A line by line
IV
histogram equalization is performed in order to correct the data for problems with 
the dark current. Fourier spectral analysis and filtering is demonstrated as a means 
of removing periodic noise from atmospheric absorption bands which have a low 
signal to noise ratio. The spatial distribution of atmospheric gases are discussed as 
they relate to calibration issues and photosynthetic processes.
V
TABLE OF CONTENTS 
CHAPTER 1. INTRODUCTION
1.1 Imaging Spectroscopy - AVIRIS - HIRIS - MODIS 2
1.2 Statement Of The Problem 5
1.3 Objective 6
CHAPTER 2. DATA ACQUISITION PREPROCESSING COLLECTION AND 
DESCRIPTION OF STUDY SITE
2.1 Data Acquisition and Study Site 8
2.2 Radiometric Correction 8
2.3 Radiometric Calibration 8
CHAPTER 3. EMPIRICAL CALIBRATION
3.1 Calibration Techniques 15
3.2 The Importance Of The Reflectance Calibration 15
3.2.1 Log Residual and Least Upper Bound Residual 17
3.2.2 Flat Field Correction 19
3.2.3 Empirical Calibration 20
3.2.4 Mixing Models 24
VI
CHAPTER 4. ATMOSPHERIC CHEMISTRY, LOWTRAN 7 AND THE LOWTRAN 
7 CALIBRATION
4.0 Atmospheric Chemistry And The LOWTRAN 7 Model 30
4.1 Composition Of The Earth’s Atmosphere 30
4.2 Atmospheric Structure 31
4.3 LOWTRAN 7 32
4.4 Defining Equations 32
4.5 Atmospheric Refraction 33
4.6 Radiative Transfer 34
4.7 Optimized LOWTRAN 7 Methodology 39
4.8 Default LOWTRAN 7 Methodology 43
CHAPTER 5. COMPARISON OF CALIBRATION TECHNIQUES
5.1 Comparison Of Calibration Methodologies 48
5.2 Comparison Of DN Additive Terms and Slopes 54
CHAPTER 6. DETECTION OF ATMOSPHERIC GASES AND THE USE OF 
FOURIER ANALYSIS FOR REDUCTION OF PERIODIC NOISE
6.1 Gaseous Absorption In The Atmosphere 59
6.2 Modelling Atmospheric Gases Using LOWTRAN 7 60




1.1 Imaging Spectroscopy : AIS AVIRIS HIRIS MODIS
It was recognized in the 1970’s that quantitative analysis of terrain materials 
required sensor systems which were capable of identifying subtle reflectance features 
present at narrow bandpasses in the visible and near infrared reflectance spectra of 
minerals, rocks and vegetation (Hunt, Salisbury and Lenhoff 1974) (Chiu and Collins, 
1978). In imaging spectroscopy, images are acquired simultaneously in many narrow 
contiguous spectral bands. Each picture element (pixel) is then associated with an 
array which represents radiance as a function of wavelength. When this radiance 
array is calibrated to reflectance, it contains a continuous reflectance spectrum for 
each pixel. The absorption, transmission and reflectance properties of materials are 
determined by electronic and vibrational energy states and are a function of the 
wavelength of the incident light. Broadband sensors such as Landsat TM are unable 
to resolve the high frequency content of a ground reflectance spectrum. The desire 
for quantitative spectroscopic examination of the Earth’s surface resulted in the 
development of a variety of airborne spectrometers during the 1980’s.
The GER spectroradiometer acquired 500 channels between 400 and 1100 nm 
using a silicon vidicon sensor. Spectral measurements are integrated over 18 m 
square areas along the ground track. The location of the profile is established by 
simultaneously acquiring 35 mm photography. Targets may then be located and 
correlated with ground truth information.
The Jet Propulsion Laboratory (JPL) designed and built the Airborne Imaging
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Spectrometer (AIS-1) using a 32 x 32 element HgCdTe area array which could record 
128 channels, 10 nm wide between 0.9 to 2.1 urn in the "tree mode" and 1.2 to 2.4 urn 
in the "rock mode." The data is recorded in a continuous strip 32 pixels wide which 
was later upgraded to an image width of 64 pixels in the AIS-2. The IFOV is 2.0 
mrad which produces pixels of about 12 x 12 m from an altitude of 6 km.
Following the development of the AIS, the Airborne Visible/Infrared Imaging 
Spectrometer (AVIRIS) was developed, and flown by JPL in 1987. AVIRIS is a 
linear array grating spectrometer that consists of four spectrometers which measure 
upwelling radiance from the Earth’s surface and atmosphere in wavelengths ranging 
from 400 to 2455 nm, at 10 nm bandwidths. The system has evolved from the GER 
profiling spectrometer (Chiu and Collins, 1978) and the Airborne Imaging 
Spectrometer (AIS) (Vane and Goetz, 1983). AVIRIS is flown on an NASA ER-2 
aircraft at an altitude of 20 km. The instantaneous field of view is 1 mrad resulting 
in pixels which are approximately 20 m square on the ground. AVIRIS is NASA’s 
prototype of a satellite hosted imaging spectrometer, the High Resolution Imaging 
Spectrometer (HIRIS) and other sensors like the Moderate Resolution Imaging 
Spectrometer (MODIS).
HIRIS is scheduled for deployment as part of the NASA Earth Observation 
System (EOS). It is a pushbroom imaging spectrometer with an area array rather 
than the linear array that is used in AVIRIS. This will allow longer dwell times and 
improve the signal to noise, especially at longer wavelengths where the energy
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reaching the sensor is greatly reduced by decreasing solar irradiance. The Ground 
Instantaneous Field of View (GIFOV) will be 30 m, from a possible orbital altitude 
of 550-705 km. The scanner will acquire data in a 30 km swath with essentially the 
same spectral characteristics as AVIRIS. HIRIS will be flown on the Earth 
Observing System (EOS), which will orbit the Earth in a sun-synchronous, daytime 
ascending orbit with a repeat cycle of 16 days. The pointable sensor will allow off 
NADIR viewing, similar to the French System Probatoire L’Observation de la Terre 
(SPOT) satellite, which will enable three or four views each repeat cycle at the 
equator and four to five at 40 degrees latitude. HIRIS was to be deployed on the 
first Earth Observation System (EOS) mission, however it’s deployment has been 
delayed until one of the later missions.
The Moderate-Resolution Imaging Spectrometer (MODIS) will complement 
the HIRIS system as a means of studying regional, continental and global terrestrial, 
oceanographic and atmospheric processes. The MODIS-N (nadir) will acquire 35 
bands in the spectral range from .4 to 12 um in varying bandwidths from 1.2 to 500 
nm. The GIFOV will be 500 m to 1 km in the visible from bands 1 through 25. 
Bands 29 through 35 in the thermal IR will have a GIFOV of 1 km. The MODIS-T 
(tilt) has a pointable sensor in the direction of motion, of up to 20 degrees. This has 
been designed for oceanographic studies to reduce solar glare from the ocean 
surface. This sensor has 64 bands in the visible and near infrared with a GIFOV of 
1 km and bandpasses of between 10 nm and 50 nm width.
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1.2 STATEMENT OF THE PROBLEM
The Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) is providing 
the scientific community an opportunity to develop techniques for analysis of hyper- 
spectral remote sensing data prior to the deployment of HIRIS on an EOS platform. 
The AVIRIS sensor measures upwelling radiance from the Earth in 224 spectral 
bands from 400 to 2455 nm. This measured radiance is a function of incoming solar 
irradiance, path scattered radiance, atmospheric thermal emission, transmitted 
ground reflected radiance and noise. To become a practical tool for environmental 
monitoring, ground reflectance must be recovered from imaging spectrometer data 
with little or no field work. Statistically based methods which employ the image data 
alone have been shown to be useful for extraction of absorption features in terrain 
materials, however they are generally not appropriate for quantitative work. 
Empirical calibration methods are based on the use of a range of bright and dark 
ground targets of known reflectance. These targets are used to produce a series of 
linear equations which correlate the radiance data with ground reflectance thereby 
removing the atmospheric and solar irradiance effects. This is known as the 
empirical line method. Atmospheric models such as LOWTRAN 7 may also be used 
to extract reflectance information from AVIRIS data provided the radiometric 
calibration of the sensor is accurate with respect to the integration sphere at JPL, 
which has been calibrated to national standards. The problem to be addressed in
6
this thesis is how closely can the empirical calibration be simulated using atmospheric 
models given the limitations of JPL’s radiometric calibration.
1.3 OBJECTIVE
This thesis explores the use of the LOWTRAN 7 atmospheric model for 
extraction of ground reflectance information from a September 20, 1989 AVIRIS 
image over Stanford University’s Jasper Ridge Biological Preserve, located near the 
central California coast. LOWTRAN 7 will be used to retrieve reflectance spectra 
from pixels extracted from the image over a Riparian forest. The reflectance will 
also be retrieved using an empirical approach (Elvidge, 1988), and the results will be 
compared. In addition, the spatial distribution of water vapor, ozone, carbon dioxide 
and oxygen will be analyzed over the study area using ratio images of atmospheric 
absorptions. A line by line based equalization is used to compensate for banding 
caused by inadequate correction for dark current. The atmospheric gas images will 
be analyzed as they relate to calibration issues and photosynthesis. Fourier analysis 
will be employed to demonstrate the utility of frequency domain techniques for 
removal of periodic noise from atmospheric absorption bands which contain low 
frequency to noise ratios.
CHAPTER 2.
DATA ACQUISITION PREPROCESSING COLLECTION AND 
DESCRIPTION OF STUDY SITE
8
2.1 DATA ACQUISITION AND STUDY SITE 
The AVIRIS data set was acquired on September 20, 1989 at 13:48 PST over 
Stanford University’s Jasper Ridge Biological Preserve. The site is located west of 
the Stanford University campus in Palo Alto, California in the foothills of the Santa 
Cruz Mountains. Our study site was selected for the following reasons: (1) proximity 
to NASA Ames Research Center where the AVIRIS flights originate (2) biological 
diversity over Jasper Ridge (3) existence of homogeneous calibration targets and 4) 
previous research conducted there.
2.2 RADIOMETRIC CORRECTION
The data set was radiometrically corrected at the Jet Propulsion Laboratory 
as described by Vane et al (1987). The radiometric correction includes: 1) vignetting 
2) subtraction of dark current recorded in-flight and 3) cross track spatial resampling 
to correct for the detector readout delay and 4) conversion to units of radiance based 
on a laboratory calibration of the AVIRIS sensors.
2.3 RADIOMETRIC CALIBRATION
An inflight validation of the radiometric calibration was performed over 
Roger’s Dry Lake on September 20th, 1989 by JPL, just prior to the acquisition of
9
our data set over Jasper Ridge. Their LOWTRAN 7 model was constrained by using 
surface reflectance, optical depth and water vapor profile. It was found that the 
observed AVIRIS radiance was within 10 percent of the predicted radiance based on 
the constrained LOWTRAN 7 model (Green et al, 1990a).
In attempting to optimize the LOWTRAN 7 model by modelling the radiance 
over a single ground target of known reflectance, it was possible to either match the 
observed radiance from spectrometers one and four or two and three. It was not 
possible to fit the model to all four spectrometers simultaneously. The second and 
third spectrometers appear to measure a radiance that is greater than the model (fig 
1). Offset between DN values between the first/second and third/fourth 
spectrometers corresponds approximately to the radiance offset between the 
LOWTRAN 7 model and the AVIRIS data. This suggests that there may be a 
problem with the radiometric calibration applied to this data set (figs. 2-3). In-flight 
calibration performed by JPL over Roger’s Dry Lake, California, on September 20th, 
1989 does not show this discrepancy between the modelled and AVIRIS radiance in 
the second and third spectrometers (Green et al 1990a). It is the author’s inference 
that an intermittent problem of unknown nature developed with the system between 
the time the Roger’s Lake and Jasper Ridge data sets were acquired. The forced fit 
correction has compensated for the difference between the observed and modelled 
radiance in the optimized LOWTRAN calibration. Correlation between LOWTRAN 
7 and AVIRIS absorption features demonstrate that the wavelength calibration of




Figure 1. LOWTRAN 7 modelled radiance vs. observed AVIRIS radiance employing a 
radiosonde atmosphere and bi-directional reflectance of the parking lot at Canada 
College, Redwood City, CA. The following parameters were used to generate the model, 
solar declination 1.0269°, day angle 259.4°, local apparent time 13:50:19, latitude 37.3°N, 
zenith 44.29°, altitude 45.71°, azimuth 43.08°.
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CHAPTER 3
STATISTICAL AND EMPIRICAL CALIBRATIONS
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3.1 CALIBRATION TECHNIQUES
Image-based techniques use image statistics to normalize the data thereby 
removing atmospheric, solar and topographic effects. These include the Log 
Residual and the Least Upper Bound Residual methods (Green and Craig, 1985). 
Physically based techniques include the empirical calibration and atmospheric 
models discussed in section 1.3.1 as well as the flat field correction. Mixing models 
developed by the University of Washington may also be an effective way of extracting 
reflectance from imaging spectrometer data (Johnson, Smith and Adams, 1985).
3.2 THE IMPORTANCE OF REFLECTANCE CALIBRATION
Calibration of Landsat Multispectral Scanner (MSS) and Landsat Thematic 
Mapper (TM) data to ground reflectance has been traditionally viewed as an 
unnecessary step as scientists have been able to extract useful information from the 
data by relying on the accuracy of the radiometric calibration performed prior to the 
distribution of the data. The broad-band nature of the data also contributed to the 
lack of concern for calibration. It is very common for image analysts to create color 
composite or ratio images without first correcting for atmospheric effects, this has 
been perpetuated in the literature (Goetz and Rowan, 1981). Remote sensing text 
books (Sabine, 1987) also tend to ignore the calibration issue and will, for example,
display the reflectance spectrum of hydrothermally altered vs. unaltered rocks and 
then ratio bands five to seven to indicate alteration, without any discussion of the 
difference between radiance and reflectance. Some problems could be expected by 
ignoring this issue when using airborne scanners which are seldom calibrated to units 
of radiance. Generally airborne data is scaled such that the mean of each channel 
lies approximately at a DN of 128 counts if the data type is byte. Lack of concern 
about the calibration issue has been accepted with respect to broad-band scanners 
because the ground reflected component will be contained within the mixed radiance 
signal which consists of a variety of sources of information including: 1) path 
scattered 2) ground reflected 3) atmospheric emission and 4) noise. Relative 
variation in radiance between bands will be indicative of the ground reflected 
component provided the radiometric calibration is accurate. This is especially true 
at longer wavelengths, as the effects of the path scattered component are effectively 
zero at wavelengths longer than 1600 nm. However in the analysis of data from 
imaging spectrometers, a reflectance spectrum must be extracted from the radiance 
array associated with each pixel prior to any quantitative analysis of terrain materials. 
Comparison of imaging spectrometer radiance data with laboratory reflectance 
spectra requires that the radiance data be calibrated to units of ground reflectance. 
The first attempt at calibration to ground reflectance in order to compensate for the 
atmosphere in ERTS data was by the Stanford University Remote Sensing 
Laboratory, Department of Applied Earth Sciences, under the direction of Professor
16
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Ronald J. P. Lyon. The Stanford group used a bright and dark target of known 
reflectance in order to correct the four ERTS channels for atmospheric effects and 
solar irradiance (Honey and Lyon 1974).
Calibration is also important in change detection between multi-temporal data 
sets. If the various data have not been calibrated to ground reflectance, the change 
that is detected will likely be due to variation in Solar/Earth geometry and/or 
atmospheric conditions rather than physical changes in the terrestrial environment. 
Therefore we see that calibration is necessary not only for quantitative analysis of 
individual image spectra but also for times series analysis of co-registered multi­
temporal data sets.
3.2.1 LOG RESIDUAL AND LEAST UPPER BOUND RESIDUAL
The Log Residual method is described by equation 1, and has been simplified 
by equation 2. See appendix A for the derivation of these equations.
log {RsX) = 1Hx (DNsK) - log(IWA) - log (DN *)
+ [log(DN"/R") + log(RmR'X) ] 1 ’
log (RsX) = log (DNsX) - AVG(logA) - AVG(logs) ( 2 )
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Equations 1 and 2 are identical except for the two bold bracketed terms which were 
assumed to be zero in the paper by Roberts (1986). The first term represents the 
average DN value over all wavelengths divided by the average reflectance over all 
wavelengths. It is unlikely that this division will result in a value of one and 
therefore this first term will not cancel out. The second term represents the 
logarithm of the product of the average reflectance spectrum in the spatial domain 
and a vector of the average image reflectance at each wavelength. This term 
therefore is a 3D block of data which functions as a gain image. This term will never 
be zero and therefore the Log Residual equation of Roberts is an approximation. 
It has been found that this method does not work well for areas with a single 
dominant cover type (Roberts, 1986). Over dominant cover types information will 
be lost through normalization of the irradiance (Green & Craig, 1985) as the 
information will be treated as a component of the irradiance. It may also be that 
over dominant cover types the terms that have been canceled add constructively 
while over mixed cover they tend to add destructively and therefore the 
approximation works better.
The Least Upper Bound Residual (LUB) is identical to the Log Residual 
except that the irradiance is not considered, rather the maximum brightness for each
of the channels is used.
19
DNsl = Ts RsX LUBx ( 3 )
Similar terms are canceled as an approximation with this method. It has been 
reported that the LUB produces better results than the Log Residual over areas with 
a single dominant cover type (Roberts, 1985).
3.2.2 FLAT FIELD CORRECTION
Flat field corrections may be used to normalize image data for atmospheric 
and irradiance effects which result from variations in climate and Solar-Earth 
geometry respectively. This is achieved by dividing the image data by a spectrally flat 
feature within the image. The problem with this method is that 1) absolute 
reflectance is not retrieved and 2) if the target is not spectrally flat, artifacts will be 
introduced into the data. This method may be good enough if absorption features 
are desired rather than an absolute ground reflectance spectra. The flat field method 
normalizes atmospheric effects which are assumed to be laterally homogeneous over 
the image area. This, of course, is the same assumption that the empirical and 
LOWTRAN calibrations are based on.
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3.2.3 EMPIRICAL CALIBRATION
Reflectance of a material as inferred by airborne scanners, is the ratio of the 
upwelling radiance (Rg) divided by the incident solar irradiance (Rj)(4). Terrain 
materials may be uniquely identified by their reflectance spectrum.
P (4)
Radiance reaching the AVIRIS sensor may be described by the following function 
(Rast,et al 1991).
Lps + Lra (5)
= ( La- • p • t 2 ) ( 6 )
where:
L0 = observed AVIRIS radiance
Lra = reflected radiance
Lrs = path scattered radiance
Lj = exoatmospheric irradiance
ti = transmission coefficient from space to the Earth’s surface
rho = bidirectional reflectance of terrain material
t2 = transmission coefficient from the ground to the sensor
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An empirical calibration employs ground targets of known reflectance in order 
to produce linear equations which map the AVIRIS radiance measurements to 
ground reflectance (Elvidge, 1988). The regression intercept (b) divided by the slope 
(m) supplies the path scattered radiance or DN additive term which is composed of 
path radiance and uncorrected dark current (7). This represents the radiance 
observed over a surface of zero reflectance.
The slope yields the inverse of the product of the exoatmospheric irradiance and the 
transmission coefficients from space through the atmosphere to the surface and back 
up to the sensor (8).
( 8 )
Ground reflected radiance at the Earth’s surface is simply the observed radiance 
minus the path scattered term divided by t2. Thus equation (9) is equation (4) in 
terms of known parameters derived from the empirical calibration.
p = ( La -  Lps ) • m ( 9)
Radiometrically corrected data provided by the Jet Propulsion Laboratory
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(JPL) was calibrated to both hemispherical and bi-directional reflectance. 
Hemispherical reflectance measurements were made using JPL’s Beckman UV 5240 
Spectrophotometer with halon as the reference. Bidirectional measurements were 
made using the GER IRIS field spectrometer referenced to barium sulphate. 
Ground targets in the vicinity of Jasper Ridge in Palo Alto, California include: 1) a 
black rubber running track at Canada College 2) asphalt parking lot at Canada 
College 3) Humpheries polo field (4) deep water at Searsville Lake and (5) San 
Francisco Water Department’s Pulgas Reservoir, with a tan painted corrugated metal 
roof. The brightest target is the roof, with reflectance between 35 and 45 percent. 
Two intermediate targets include the Polo field and parking lot in the 10 to 30 
percent range. The darkest targets are the rubber running track and lake which are 
less than 8 percent reflective. The hemispherical reflectance calibration employed all 
of the targets except the lake in the first spectrometer. The dark rubber running track 
fit the regression better then the water in the first spectrometer as water is not a 
"dark target" until beyond 700 nm where it absorbs 99% of the incident irradiance. 
The bi-directional reflectance calibration used the running track, parking lot and roof 
in the first spectrometer. In the other three spectrometers the water, running track 
and parking lot were used. Bi-directional reflectance is greater than hemispherical 
reflectance for all of the targets measured (fig 4). Target reflectance spectra were 
convolved to AVIRIS bandpasses using the full width at half maximum (FWHM) and 
a Gaussian filter function (gssflt.f) provided by JPL. Linear regression is utilized to
23
Figure 4. Bidirectional vs. hemispherical reflectance for the parking lot at Canada
College, Redwood City, CA.
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map AVIRIS radiance measurements to hemispherical and bi-directional reflectance. 
Laboratory (hemispherical) and field (bi-directional) reflectance measurements of the 
ground targets were made. The spectra were then convolved to AVIRIS bandwidths 
using the full width at half maximum (FWHM) for each AVIRIS detector. The 
detector response function were assumed to be a Gaussian distribution about a 
central wavelength. For each of the 224 AVIRIS bands, linear regression is 
employed to map measured reflectance with observed AVIRIS radiance. The 
resulting slope and offset may then be used to extract reflectance from the radiance 
data. The regression coefficient (R2) demonstrates that there is a linear relationship 
between radiance and reflectance except in the atmospheric water absorption 
features at 1.4, 1.9 and 2.4 um. (fig. 5-6). The calibration slope and offset may be 
applied to the radiance data to solve equation (9) thereby extracting reflectance.
3.2.4 MIXING MODELS
Calibration to reflectance relative to a reference library of spectra is possible 
using linear mixing models (Adams, Smith and Johnson, 1986). In this method 
spectral endmembers are linearly mixed to produce the observed image radiance 
under the constraint that the sum of the endmember weights is unity and that all
25
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Figure 5. Linear regression results for band 30, hemispherical reflectance vs.




















Jasper Ridge-AVIRIS Calibration 
September 20, 1989
Figure 6. Calibration results for the September 20, 1989 Jasper Ridge data set.
27
endmember weightings lie between zero and one (equation 10). Endmembers are 
those spectra that when mixed can produce all image spectra. Endmember 
composition and numbers may be determined by using principal component analysis 
and analyzing the variance, covariance matrix (Johnson, Smith and Adams, 1985).
Gb < DNb + Ab ) = £  ( f n • Rnb) (10)
where:
Gb = gain for band b
\  = offset for band b
DNX = image brightness for band b
fn = fraction of endmember n
Rnb = reflectance for endmember n for band b
There are a number of weaknesses with the mixing method of calibration: 1) library 
spectra are used instead of actual field measurements 2) tends to resolve few 
endmembers compared to the number of bands or colors in a color composite 3) 
computational burden and 4) the method only works after considerable tweaking. 
The method assumes for instance, that if an endmember is green vegetation then any 
plant library reflectance spectra will be a sufficient indicator of reflectance. This is 
not a quantitative calibration but it may be adequate if field data are not available. 
Other than this it is essentially the same as the empirical calibration with 
endmembers being represented by a range of bright and dark targets. For example, 
the shade endmember would be represented by the DN additive term or path 
radiance in the empirical or atmospheric calibration respectively. In areas where
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no homogeneous targets are available, a combination of the empirical and mixing 
methods could be useful. Reflectance spectra of endmembers may be acquired with 
field measurements. Then the mixing abundance of the endmembers over the 
calibration targets could be used to generate an "empirical mixing model" calibration. 
Once the endmember weightings are known for each pixel in the image through least 
squares inversion techniques, then endmember relative abundance images can be 
created (Adams, Smith and Johnson, 1986).
CHAPTER 4
ATMOSPHERIC CHEMISTRY LOWTRAN 7 AND THE LOWTRAN 7
CALIBRATION
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4.0 ATMOSPHERIC CHEMISTRY AND THE LOWTRAN 7 MODEL
In order to have a greater appreciation for how the LOWTRAN 7 model 
accounts for the atmosphere, it is important to have some knowledge of the 
chemistry and structure of the atmosphere. LOWTRAN 7 and radiative transfer will 
be discussed with the mathematical details in Appendix B. This discussion forms the 
basis in chapter 6 for the spectroscopic analysis of water, ozone, carbon dioxide and 
oxygen over the study area using AVIRIS data and LOWTRAN 7.
4.1 COMPOSITION OF THE EARTH’S ATMOSPHERE
Atmospheric gases may be classified on the basis of residence time or 
concentration. Quasi-permanent gases have a residence time which is longer than 
one thousand years. These gases include oxygen, nitrogen, argon, neon, helium, 
krypton and xenon (Meszaros, 1981). Those variable gases which have a residence 
time on the order of years include carbon dioxide, methane, hydrogen, nitrous oxide 
and ozone. Highly variable gases have a residence time on the order of days or 
weeks and these include water, carbon monoxide, nitrogen dioxide, ammonia, sulfur 
dioxide, hydrogen sulfide and organic carbon (Meszaros, 1981). The main 
constituents of the atmosphere are oxygen (20.9%), nitrogen (78.1%) and argon 
(.93%). Gases of less than 0.9 percent are referred to as trace gases. Suspended
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liquid and solid particles are also included in the trace category, these make up what 
is known as aerosols (Meszaros, 1981).
4.2 ATMOSPHERIC STRUCTURE
The atmosphere may be broken into two zones based on composition, the 
Homosphere in the lower 80-100 km where the composition and molecular weight 
are constant and the Heterosphere above 100 km where the molecular weight is a 
function of altitude (Meszaros, 1981). The Homosphere may be further divided into 
Troposphere, Stratosphere and Mesosphere based on thermal structure. The 
Troposphere extends to 18 km above the equator and about 8 km above the poles. 
In this zone, the temperature decreases with altitude (Meszaros, 1981). It is in this 
zone that the atmosphere absorbs thermal energy emitted by the Earth’s surface 
leading to convective transport and mixing of water vapor and other trace 
constituents to higher levels within the Troposphere. In the Stratosphere the 
temperature increases with altitude due to shortwave solar energy interacting with 
oxygen molecules (oxygen & ozone). At an altitude of about 50 km the temperature 
again begins to drop with altitude. This third zone in the Homosphere is called the 
Mesosphere. Between the Stratosphere and Mesosphere is the Stratopause which 




LOWTRAN 7 is a Fortran 77 program written by the United States Air Force 
Geophysics Laboratory that calculates atmospheric transmittance and radiance for 
a specified atmospheric path over wavelengths beyond 200 nm. The program was 
originally designed to test the performance of surveillance, guidance and weapons 
systems. LOWTRAN 7 has been enhanced over previous versions by the inclusion 
of a multiple scattering option, new geographical and seasonal atmospheric models 
and an improved exoatmospheric irradiance function (Kneizys et al 1989). Further 
modifications by JPL allow for the input of a reflectance spectrum rather than the 
flat albedo of previous versions. This feature enables quantitative evaluation of 
sensor performance over ground targets.
4.4 DEFINING EQUATIONS1
The amount of electromagnetic energy that is transmitted along a path 
through the atmosphere depends on the integrated amount of the absorbing or 
scattering gas and particle species. This quantity is known as the "column density," 
"air mass" or "equivalent absorber amount." The LOWTRAN 7 model accounts for
1 This material is condensed from the LOWTRAN 6 theoretical manual. Air 
Force Geophysics Laboratory, Hanscom AFB, MA, 
publ. #  AFGL-TR-83-0187, pg. 11-16.
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all of the significant atmospheric gases including water vapor, ozone, nitrous oxide, 
methane, carbon monoxide, oxygen, carbon dioxide, nitrous oxide, nitrogen dioxide, 
ammonia, sulfur dioxide, nitrogen gas and nitric acid vapor. The only atmospheric 
gases that are not included are the noble gases such as helium, xenon, argon, neon 
and krypton. These gases are inert and do not interfere with the transmission of 
electromagnetic energy in the visible or infrared.
LOWTRAN 7 treats the atmosphere as a series of spherically concentric 
shells. The temperature, pressure and absorber density, both gas and aerosol, are 
specified at each boundary. The temperature is assumed to be linear between 
boundaries, however the pressure and density follow an exponential profile between 
layers. See appendix B for the theoretical development.
4.5 ATMOSPHERIC REFRACTION
In order to model the refracted path through the atmosphere, a parameter 
must be found that does not change along the ray path, and is therefore characteristic 
of that path. Snell’s Law for a spherically symmetric medium provides the means to 
determine this parameter.
n( r )  s in 0  = C on stan t  (11)
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Where:
n(r) = index of refraction as a function of radial distance r
This equation is of the same form as the ray tracing parameter used in seismic ray 
tracing through the Earth (Stacey, F.D., 1977). The index of refraction may be 
determined as a function of radial distance with a knowledge of the total pressure, 
partial pressure of water vapor and temperature (Edlen, K., 1966). These parameters 
are provided by the various default atmospheric profiles, or a radiosonde atmosphere. 
As long as the index of refraction as a function of elevation is known, the refracted 
path through the atmosphere may be determined.2
4.6 RADIATIVE TRANSFER
The seminal work in radiative transfer of electromagnetic energy through the 
atmosphere was by Chandrasekhar who described the upwelling radiance at the top 
of the atmosphere (Chandrasekhar, 1960) as:
J(|i ,< j>;|i , <|> ) I (p, <t>; p ,4> ) + * J (p , <j>; p ,<J) ) (12)
-L
2 Atmospheric Transmittance/Radiance Computer Code LOWTRAN 6, pgs. 15- 
16, Air Force Geophysics Laboratory, AFGL-TR-83-0187, Environmental Research 
Papers, No. 846.
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where: I = path radiance
I = two way atmospheric transmittance function
1/(1-Rs) = multiple reflections between sky and ground
R = Lambertian ground reflectance
u = cosine of the zenith angle upward direction
<j> = cosine of the azimuth angle upward direction
u = cosine of the zenith angle downward direction
<J) = cosine of the azimuth angle in the downward direction
The first comprehensive discussion of radiative transfer as it related to the 
remote sensing community was in a paper by Turner et al, (1972). Ground reflected 
radiance is produced by the interaction of direct and scattered solar irradiance with 
the Earth’s surface. The energy is either absorbed, transmitted or bidirectionally 
reflected by the terrain toward the sensor. The magnitude of the ground reflected 
component is a function of (1) exoatmospheric irradiance; (2) transmission 
coefficients through the atmosphere to the Earth’s surface, which are a function of 
the integrated amount of each gaseous absorber; (3) reflectance of terrain materials, 
which are a function of the incident wavelength and the chemical composition of the 
material; (4) the transmission coefficient back up to the sensor and (5) scattering. 
Only data from measurements of the ground reflected component can be used to 
extract information pertaining to the Earth’s surface. LOWTRAN 7 is able to model
the ground reflected component as observed by AVIRIS at an elevation of 20 km.
Atmospheric scattering occurs when an electromagnetic wave strikes a particle 
in the atmosphere. The size of the particle determines whether the scattering is due 
to Rayleigh or Mie processes. If the particle size is smaller than one tenth of the 
incident wavelength (air molecules) then the scattering is Rayleigh. Mie scattering 
occurs when the particle size is greater than one quarter of the incident wavelength 
and applies to aerosols (water droplets, smoke, dust). In Rayleigh processes the 
scattering is identical in the forward and backward directions while in Mie theory 
more energy is scattered in the forward than backward direction. Half of the 
Rayleigh and Mie scattered energy goes back into space and the rest diffusely 
irradiates the Earth’s surface (Iqbal 1983).3 The component which is scattered back 
into space does not interact with the Earth’s surface and it represents the radiance 
that would be observed over a ground surface having zero reflectance. Path 
scattered radiance is generally greater than ground reflected radiance in the 400 to 
550 nm range. Beyond 550 nm, the signal reaching AVIRIS is dominated by ground 
reflected radiance (fig. 7). Atmospheric thermal emission does not contribute a 
significant signal within the spectral range of AVIRIS. It does however become an 
important consideration within the thermal infrared.
3 Increasing turbidity causes greater diffuse irradiance to reach the ground due 








Figure 7. LOWTRAN 7 modelled radiance vs. AVIRIS observed radiance 
employing a radiosonde atmosphere and the bidirectional reflectance of the 
parking lot at Canada College, Redwood City, CA.
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The path scattered component is modelled through the following variables 
within the LOWTRAN 7 program:
1) MODEL: One of six geographical-seasonal model atmospheres
2) IMULT: Defines multiple or single scattering option
3) IHAZE: One of 11 aerosol extinction models
3) IPH : aerosol phase function i.e.: degree of forward isotropic or symmetric 
scattering
From the previous discussion on empirical calibrations the total radiance reaching 
AVIRIS may be described by:
If we define a surface with a reflectance of twenty five percent as Lr25, then the 
ground reflectance p may be found from the following relationship (Green, 1990,van 
den Bosch, Alley, 1990, Rast et al 1991).
(13)
Lra ( Lj_ * fc]_ * p • fc2 ) (14)
< L± ‘ t ± • p • t 2 )
( •  tĵ  ’ i?25 ' )
(15)
39
P = ~T~  ' R2s (16)
L‘i 25
where: Lr25 is the LOWTRAN 7 reflected radiance from a 25 percent reflective 
surface.
The reflectance is obtained by subtracting the path scattered component from the 
observed radiance, dividing by a radiance model with a surface albedo of 25 percent 
and then multiplying by 25. As stated by Green, " This radiative transfer based 
algorithm is sensitive to the absolute radiometric calibration of the AVIRIS data. 
Errors in calibration propagate directly to errors in retrieved reflectance.(Green 
1990)" Thus it is imperative that the radiometric calibration is accurate if 
LOWTRAN is used to retrieve reflectance.
4.7 OPTIMIZED LOWTRAN 7 METHODOLOGY
Atmospheric models may be used to supply path scattered radiance, 
exoatmospheric irradiance and transmission coefficients in order to solve equation 
(9) (v.d.Bosch and Alley 1990, Green, R.,1990, Rast et al, 1990). In this thesis the 
optimized LOWTRAN 7 model is constrained with both a radiosonde atmosphere 
and a single ground target of known reflectance. Bi-directional reflectance of the 
parking lot is used to constrain the LOWTRAN 7 model to predict ground reflected
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radiance which allows for quantitative analysis of sensor performance. Radiosonde 
data from Oakland, approximately 50 km to the north, from Oct 20th at 11 AM, 
contribute temperature, pressure and relative humidity from the surface through the 
Troposphere, to an altitude of 22 km. A default LOWTRAN 7 mid-latitude summer 
atmosphere is used for the Stratosphere and Mesosphere. The aerosol model utilized 
is the urban 20 km, Mie scattering. The input card for this LOWTRAN run is given 
in figure 8.
The radiance modelled over a target of known reflectance (parking lot) is 
used to create a wavelength dependent function which may be applied to the data 
prior to the atmospheric model to force a fit between the model and observed 
radiance. The modelled radiance over the parking lot at Canada College, convolved 
to AVIRIS bandpasses, is subtracted from the average of a block of 20 pixels 
extracted over the parking lot. This function, which represents the difference 
between the modelled and AVIRIS radiance, is then used to force a fit between the 
AVIRIS data and the LOWTRAN 7 model by subtracting this function from the 
AVIRIS radiance data (fig. 9). This brings the radiance measured by the second and 
third spectrometers down to the same magnitude as the LOWTRAN 7 model thereby 
correcting for the apparent offset between the LOWTRAN 7 modelled radiance and 
the AVIRIS data.
In order to develop a set of gains and offsets for converting DN’s to ground 
reflectance, the LOWTRAN 7 model is run with a surface albedo of zero (black
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Figure 8. Input card for the optimized LOWTRAN 7 model.
MODEL FIT CORRECTION 
CORRECTED SWAMP RADIANCE
Figure 9. Riparian forest radiance vs. wavelength including the forced fit function 
which has been applied to the radiance spectrum in order to force the AVIRIS 
data to fit the LOWTRAN 7 model.
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body) and 100 percent (fig. 10). Linear regression is used in a procedure analogous 
to the empirical calibration to generate a calibration slope and offset (figs. 11-12).
In summary, the strategy for extracting reflectance is: (1) model the radiance 
over a single target using bi-directional reflectance; (2) subtract this model from the 
average of a group of target pixels to create the forced fit correction; (3) subtract the 
forced fit correction from the AVIRIS data; (4) subtract the path scattered radiance 
and (5) multiply by the calibration slope. This technique has been applied to 
Riparian forest pixels which are a mixture of deciduous tree species including willows 
(5. hindsiana, S. laevigata, S. lasiandra, S. lasiolepis), California box elder (Acer 
negundo califomica), and white alder (Alnus rhombifolia).
4.8 DEFAULT LOWTRAN 7 CALIBRATION
A radiative transfer model based exclusively on default LOWTRAN 7 
parameters has been tested as a means of extracting reflectance. The model uses the 
mid-latitude summer profile with an urban 20 km visibility aerosol model. The 
model is run at zero percent reflectance to provide the path scattered correction and 
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Figure 12. LOYVTRAN 7 path scattered radiance from optimized LOWTRAN 
model.
CHAPTER 5
COMPARISON OF CALIBRATION METHODS
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5.1 COMPARISON OF CALIBRATION METHODOLOGIES
The empirical calibrations derived from both hemispherical and bi-directional 
reflectance as well as both the optimized and default atmospheric calibration files 
have been applied to AVIRIS pixels extracted from the Riparian forest. The results 
have been plotted on the same graph for comparison from 400 to 2454 nm (fig. 13). 
The bi-directional empirical calibration is taken to be the standard to which the other 
methods are compared since AVIRIS is measuring bidirectional reflectance. 
Reflectance has also been plotted as a function of AVIRIS’s four spectrometers (figs. 
14-17).
The calibration based on hemispherical reflectance is within 10 percent of the 
bi-directional calibration from 400 to 700 nm. Beyond 700 nm, there is less than two 
percent reflectance difference between the hemispherical and bi-directional 
calibrations (fig. 14-17). This could be due to the absolute brightness differences 
between halon and barium sulphate or due to the differences in measurement 
geometry (hemispherical vs bi-directional).
Reflectance retrieved by the optimized LOWTRAN 7 model is within 3 
percent of the empirical calibration in the first spectrometer. Results are much 
closer in the second and third spectrometers, generally within 1 percent reflectance. 
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F ig u re  17. C a lib ra tio n  re s u lts  fo r the fo u r th  sp e c tro m e te r.
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Default LOWTRAN 7 reflectance extraction closely matches the empirical 
calibration in all four spectrometers and is generally within 5 percent of the 
empirical calibration. Water absorption features at 940 nm and 1120 nm have been 
over-compensated for by the default atmosphere and thus the large positive spikes 
occurring at those wavelengths (fig. 13). Higher reflectance extracted by the default 
LOWTRAN 7 model in the second and third spectrometers is the result of the 
greater radiance measured by AVIRIS than the model in these spectrometers. The 
forced fit function has not been applied to the AVIRIS data prior to the application 
of the default calibration.
All of the calibrations resulted in lower reflectance than the laboratory 
reflectance measured for the green leaves of the arroyo and the red willows. This 
is because the reflectance measured by AVIRIS considers the canopy geometry which 
includes a large shade component. An empirical mixing model approach may be 
better able to account for the shade contained within the canopy reflectance and a 
more realistic leaf reflectance might be extracted.
5.2 COMPARISON OF DN ADDITIVE TERMS AND SLOPES
The additive term for the LOWTRAN 7 and Empirical calibration are almost 
identical until the second spectrometer. The additive term for the empirical
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calibration jumps by 100 percent and remains more than twice as great as the 
atmospheric model until the fourth spectrometer (fig. 18). This indicates to the 
author that the additive term in the empirical calibration not only accounts for the 
path scattered radiance but also for instrument related offsets. There is no physical 
basis in the atmosphere for the additive term to abruptly double at the second 
spectrometer. The slope term for the empirical and atmospheric corrections are 
essentially identical and thus the difficulty with the radiometric calibration is an 
offset rather that gain problem (fig. 19). It appears that at the time of the overflight, 
AVIRIS was affected with an intermittent offset problem, possibly related to the fiber 
optical cables (John MacDonald, personal communication 1991). The forced fit 
procedure which essentially fine tunes the radiometric calibration, has effectively 
corrected the radiometric calibration. However, this procedure requires the existence 
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Figure 18. DN additive term and path scattered radiance vs. wavelength for the 
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CHAPTER 6
DETECTION OF ATMOSPHERIC GASES AND THE USE OF FOURIER 
ANALYSIS FOR REDUCTION OF PERIODIC NOISE
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6.1 GASEOUS ABSORPTION IN THE ATMOSPHERE
Solar radiation passing through the Earth’s atmosphere may be scattered by 
Mie or Rayleigh processes or absorbed by atmospheric gases. In this section, 
absorption will be discussed as it applies to spectroscopic analysis of the chemical 
composition of the atmosphere. In the ultraviolet and visible spectrum the main 
absorbers are: 1) gaseous oxygen 2) gaseous nitrogen 3) atomic oxygen 4) atomic 
nitrogen and 5) ozone. Atomic oxygen and nitrogen prevent x-rays and other short 
wave radiation (< 200 nm) from reaching the Earth’s surface. Gaseous oxygen has 
three absorption bands centered at 630 nm, 690 nm and 760 nm, the strongest of the 
three. Ozone has an absorption band from 200 to 300 nm, it is this absorption which 
allows life to exist on Earth, as radiation at shorter wavelengths than 300 nm has 
sufficient energy to destroy cell and genetic structure. Ozone also has weaker 
absorptions from 300 to 350 nm and from 450 nm to 770 nm. In the infrared the 
most important absorbers are 1) water 2) carbon dioxide 3) ozone 4) nitrous oxide 
5) carbon monoxide 6) oxygen 7) methane and 8) nitrogen. Water vapor absorptions 
are at the following wavelengths: 720, 820, 940, 1100, 1380, 1870, 2700, 3200, and 
6300 nm. Carbon dioxide absorptions occur at 1450, 1600, 2000, 2700, 4300, 4800, 
and 5200 nm. The concentrations of nitrous oxide, carbon monoxide and methane 
are so small, their effect on solar radiation reaching the surface may be ignored 
(Iqubal, 1983).
6.2 MODELLING ATMOSPHERIC GASES USING 
LOWTRAN 7
LOWTRAN 7 models were convolved with the Gaussian response function 
of each AVIRIS detector using the Full Width Half Maximum (FWHM) in order to 
make a direct comparison with AVIRIS data. The program GSSFLT provided by the 
JPL performed this convolution using the following input parameters: 1) LOWTRAN 
model results 2) LOWTRAN 7 wavelengths 3) FWHM of each of the 224 AVIRIS 
sensors and 4) output wavelengths (AVIRIS). The concentrations of 1) carbon 
dioxide 2) oxygen 3) methane 4) ozone and 5) water were varied in order to analyze 
whether variations in these constituents could be detected and mapped using the 
Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) (figs 20-24). A default 
mid-latitude summer model was employed and the concentrations of the above gases 
were varied by 50 percent in order to observe the absorption wavelengths and 
response. The models were then convolved with the Gaussian response function Full 
Width Half Maximum (FWHM) for each of the 224 AVIRIS detectors using the 
program GSSFLT, in order to determine if AVIRIS could be used to map spatial 
variation in these constituents.
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6.3 AVIRIS RATIO IMAGES FOR MAPPING ATMOSPHERIC GASES
The atmospheric gas models discussed in the previous section, provide 
information on the optimum band ratios to use for detection of ozone, carbon 
dioxide, oxygen and water vapor. No attempt has been made to analyze how signal 
to noise affects the detection of these gases. The following AVIRIS band ratios have 
been used to map the relative spatial distribution of these species. The wavelengths 
are in nanometers and the bracketed numbers are the associated AVIRIS bands for 
this data set. The absorptions occur in the denominator and therefore increasing 
concentration of the species will result in a higher ratio value.
SPECIES NUMERATOR DENOMINATOR
OZONE 582 nm (20) 592 nm (21)
OXYGEN 752 nm (41) 762 nm (42)
CARBON DIOXIDE 1999 nm (178) 2009 nm(179)
WATER 878 nm (54) 935 nm (60)
In addition, ratios of carbon dioxide to oxygen and oxygen to ozone were created in 
order to look at relative variation between these gases. Retrieval of absolute 
quantities of the above species would require extensive modelling with LOWTRAN 
in order to map image ratio values to absolute quantities of gaseous species. 
Comparison of these gas images may be made with the false color composite of the 
study area derived from bands 40, 18 and 8 in red, green and blue. This image has
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been enhanced using an Intensity Saturation Hue (ISH) transform by edge enhancing 
the intensity using a Laplacian filter and stretching the saturation (Fig. 25).
6.4 RESULTS OF IMAGE ANALYSIS
The most important species to affect the signal reaching the sensor is water 
vapor. It is a gross simplification to attempt to correct an entire AVIRIS image with 
a single empirical or atmospheric correction as the spatial distribution of water vapor 
can vary greatly over an image area. This could be a problem especially in coastal 
regions like the San Francisco Bay Area where the greatest source of water vapor is 
advected from the Pacific Ocean. A single model could not account for all for the 
spatial variation. The Continuum Interpreted Band Ratio (CIBR) has been used to 
map the spatial variation of water vapor in AVIRIS images (Green et al 1989, Bo- 
Cai Gao et al, 1989). The CIBR-940 image has been created over Jasper Ridge to 
look at the spatial variability of water vapor (fig 26). The CIBR was calculated using 
the following equation:
C IB R  = (.61) • band 54 + (.38) • band 66 band 6 0 (17)
All of the gas images, including the CIBR-940, have been filtered using a line by line 
based histogram equalization. This process involves creating an image which 
represents the difference between the mean of the image and the mean of each line
Figure 25. Study area false colour composite derived from AVIRIS bands 40, 18 and 8 
in RGB. This image has been enhanced by transforming the data with an ISH spherical 
model and then applying a Laplacian filter to the intensity and stretching the saturation. 
The image was then returned to RGB using the inverse transform.
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Figure 26. CIBR-940 water vapor image created from equation 26 using AVIRIS data. 
This image has been density sliced such that red indicates the highest DN followed by 
yellow, light blue, dark blue and purple.
(fig. 27) and subtracting this image from the raw CIBR-940 (fig. 28). In addition it 
has been pseudocolored to improve the visual appearance for interpretation. In the 
following section Fourier analysis will be presented as a means of removing periodic 
noise from the CIBR image. This image indicates that the CIBR is primarily a 
function of optical path length and therefore surface topography. It may be possible 
to use a digital elevation model (DEM) to normalize the data for this effect. As 
mentioned earlier, the empirical and atmospheric calibrations both assumed a 
homogeneous atmosphere. It is apparent after looking at the CIBR-940 image, that 
this is a simplification of the problem. The application of a single calibration will 
result in some areas of the image being over-compensated for water vapor and others 
under-compensated. The optimum way to correct for this variation would be to 
create a variety of atmospheric corrections based on varying amounts of water vapor 
and then apply these corrections based on the CIBR image and a lookup table.
The carbon dioxide image, calculated by dividing 1999 nm by 2009 nm, (fig. 
29) indicates that there is relatively less C 02 over vegetated areas which appear red 
in fig. 26 due to high chlorophyll reflectance at band 40. The image was acquired 
at 1:52 P.M. local time when photosynthesis is at a maximum and therefore the 
vegetation is consuming carbon dioxide, resulting in less C 02 over vegetated areas. 
This could be quantified by using a geographic information system (GIS) to analyze 
the relationships between a vegetation index and the occurrence of carbon dioxide.
The oxygen image, calculated by dividing 752 nm by 762 nm (fig. 30), shows
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Figure 27. Line by line based equalization correction image created by taking the 
difference between the mean of the image as a whole and the mean of each line. This 
image is subtracted from the previous one in order to compensate for problems with the 
dark current.
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Figure 28. CIBR-940 image after the line by line histogram equalization. Notice the 
removal of the banding caused by the inadequate dark current subtraction.
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Figure 29. Carbon dioxide absorption calculated by taking the ratio of AVIRIS bands 
1999/2009 nm.
Figure 30. Oxygen absorption calculated by taking the ratio of AVIRIS bands 752/762
n m .
75
that there is more oxygen over the urban areas than the vegetated Jasper Ridge. 
Photosynthesis consumes carbon dioxide and produces oxygen and therefore one 
would assume that this image should show more oxygen over vegetation. The image 
may be more a function of optical path length than variation in surface oxygen 
concentration. The path length is less over Jasper Ridge than the urban areas and 
therefore there would be less oxygen present for the light to pass through, resulting 
in apparently less oxygen over higher elevations. Again, a Digital Terrain Model may 
be useful for removing the effects due to variation in optical path length which are 
a function of topography.
The ratio image of carbon dioxide to oxygen clarifies the picture (fig. 31). 
This image is an indicator of photosynthetic activity since C 02 is consumed and 
oxygen is produced during photosynthesis. Over vegetated areas the ratio should be 
smaller as the numerator is decreased and the denominator is increased. It is 
evident from this image, that the vegetation over Jasper Ridge is consuming carbon 
dioxide and producing oxygen as expected. This image does not appear to be a 
function of surface albedo as the bright Pulgas Water Temple roof in the upper part 
of the color composite image does not affect the ratio value (fig. 26).
The ozone image, calculated by dividing 582 nm by 592 nm (fig. 32), shows 
that there is an increased ozone concentration over vegetated areas. Non-methane 
biogenic hydrocarbons produced by vegetation result in ozone production in the 
presence of nitrogen oxide and sunlight (Arey, 1991). This image does not seem to
Figure 31. Ratio of carbon dioxide to oxygen. This image is an index of photosynthesis
as cabon dioxide is consumed and oxygen produced during photosynthesis. Dark
\
purple/blue represent lower ratio values and thus higher rates of photosynthesis.
Figure 32. Ozone absorption create by taking the ratio of AVIRIS bands 582/592 nm. 
The image has been density sliced such that reds and yellows indicate greater ozone 
concentrations while light and dark blues represent less.
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be a function of path length, as vegetated areas within the urban centers which are 
at lower elevation are also indicating increased ozone concentrations. The ratio 
of oxygen to ozone (fig. 33) indicated that there is a decrease in oxygen relative to 
ozone over vegetated areas. This makes sense as free oxygen molecules produced by 
vegetation would be consumed during the production of ozone. This may be why the 
oxygen image showed less oxygen over vegetated terrains, opposite to what would be 
expected if photosynthesis were the only variable involved.
These preliminary results indicate that imaging spectrometers such as AVIRIS, 
combined with atmospheric models may be used to quantitatively analyze the spatial 
distribution of atmospheric gases. AVIRIS is capable of detecting variations in 
oxygen, carbon dioxide, ozone and water associated with photosynthetic activity at the 
surface and atmospheric processes. Biogenic hydrocarbons, which have been linked 
to the production of ozone have been detected indirectly by the presence of 
increased ozone concentrations over vegetated terrains. Quantitative evaluation of 
these relationships using a GIS would be very useful in validating these preliminary 
results.
6.5 FOURIER ANALYSIS
Noise that is generated by the sensor system and recorded as part of the signal 
is both random and periodic in nature. Random noise is difficult to remove from
Figure 33. Ratio of oxygen to ozone image indicates a decrease in oxygen relative to 
ozone over vegetated areas.
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imagery, however smoothing techniques are able to reduce random noise at the 
expense of spatial resolution. The averaging of AVIRIS bands together will also 
reduce random noise at the expense of spectral resolution. Fourier analysis provides 
a means with which to remove periodic noise from imagery. Periodic noise is due 
to mechanical or electronic systems which superimpose a variety of frequencies of 
noise while recording a signal. For example a rotating scan mirror in the foreoptics 
could superimpose a variety of frequencies of periodic noise onto the data. Engine 
vibration could affect the optical fibers which connect the foreoptics with the four 
spectrometers thus creating periodic noise. The scan drive motor itself probably 
produces noise as it drives the mirror. The dark current corrects for system 
background noise at the end of each scan line, however it cannot remove the 2 D 
noise that is introduced into the image while it is being recorded. In this thesis I will 
demonstrate two filtering techniques which remove periodic noise. The first is notch 
filtering in the 2D Fourier domain and the second is the application of a spherically 
symmetric Fourier filter. In this process a spherically symmetric filter is notched and 
then multiplied by a complex image. The filtered image is then returned to the 
spatial domain using an Inverse Fourier Transform (IFT).
An image is a spatial array of intensities which indicate the brightness or DN 
value at a particular wavelength. The image may also be represented by an array of 
coefficients of the spatial frequency domain. A waveform in the spatial domain is
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composed of a sum of trigonometric functions or sinusoids. The frequencies of these 
sinusoids are multiples of the fundamental frequencies. Each sinusoid is multiplied 
by an appropriate weight or Fourier coefficient. It is the sum of these sinusoids 
which give the desired function. Please see Appendix C for the mathematics behind 
the Fast Fourier Transform (FFT).
Notch filtering removes noise at specific spatial frequencies while the 
symmetric filter amplifies information near the DC term and selectively removes 
noise at higher frequencies. In order to determine what these frequencies are and 
remove them the CIBR image is transformed into the 2D frequency domain using 
the Terra-Mar/ESL Interactive Digital Image Manipulation System (IDIMS) FFT 
function. The magnitude of the complex image is extracted using the MAG
function. This image is then enhanced to improve the dynamic range by
redistributing the histogram to a uniform distribution using the REDIST function. 
The magnitude of the fourier domain is now ready for interpretation. Pseudocolor 
is applied using the IDIMS PS function and then the contrast is stretched to improve 
the appearance of the Fourier magnitude image using CPLM (fig. 34). The 
horizontal bands indicate periodic noise at a variety of horizontal frequencies.
The second step in this process is to generate a circularly symmetric Fourier 
filter which will then be notched in the next step. While noise and image data inhabit 
the same space in the spatial (image) domain, they tend to be separated from each 
other in the frequency domain. This point may be clarified by looking at the
Figure 34. M a g n i t u d e  o f  th e  2D  FFT a p p l ie d  to th e  CIBR-940 im a g e  a f te r  c o r re c t io n  fo r
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magnitude of the Fourier spectrum. The image is arranged such that the DC or zero 
frequency term is located at the upper center of the image. The highest vertical 
frequency (HVF) is located in the upper left corner while the highest horizontal 
frequency (HHF) is located below the DC term. Notice the high amplitude around 
the DC term. This is where most of the data is found within this image. This is 
especially true with the atmospheric images as there is very low spatial frequency 
content, there are no regular grids of roads or other high spatial frequencies 
contained in the image. It is apparent then that the application of a circularly 
symmetric Fourier filter which amplifies the complex image near the DC term and 
removes information as a function of the radial distance from the DC term will 
enhance the data and remove the periodic noise from the image. The task is to 
design the coefficients of the filter such that the filter does not remove useful image 
data, only noise. This may be done by constructing various filters and analyzing their 
appearance as they relate to the magnitude of the Fourier spectrum. In this case, 
the three coefficients for the IDIMS IPOLFILT function are 100.
The magnitude of the FFT image displays constructive horizontal noise at 
specific frequencies which appear as horizontal lines on this image. The location of 
these frequencies may be determined using the IDIMS display cursor (DC) function. 
The original complex FFT image may now be multiplied by the symmetric filter 
which has been notched at specific frequencies where coherent noise occurs. It is 
important to understand where the data is contained in the complex image before
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notch filters are applied so as to only remove constructive noise from the image. The 
area around the DC term must be left alone, as this is where most of the useful 
information within the image is contained. The macro NOTCH will prompt the user 
for the starting line, sample, number of lines and samples of each frequency to be 
removed. It will then apply this notch filter to the symmetric filter and multiply the 
result (fig. 35) by the complex image. The inverse Fourier transform (IFT) is then 
used to return to the spatial (image) domain.
The appearance of this filtered image is vastly improved over the unfiltered 
CIBR image (fig 36). Notice that most of the high frequency speckle has been 
removed. This image has a similar appearance to what would be expected by an 
averaging kernal, as this filter in effect removes high frequencies. However because 
the data and periodic noise inhabit the same space in the image domain, they cannot 
be separated and valuable information may be lost from this type of spatial filtering. 
The Fourier domain filtering is able to selectively remove noise (fig. 37), while 
enhancing the data around the DC term.
If absolute quantities of gaseous species were to be extracted from the 
AVIRIS atmospheric gas images, by modelling with LOWTRAN 7, the symmetric 
filter would not be desirable as it amplifies information around the DC term, which 
would change the radiometry of the images and thus make them difficult to compare 
with the atmospheric models.
Figure 35. A combination symmetric and notch filter that is multiplied by the complex 
image in order to remove periodic noise from the CIBR-940 image. Convolution in the 




Figure 37. This image is the difference between the CIBR-940 image before and after 





The optimized LOWTRAN calibration technique consists of the following 
procedure: (1) model the radiance over a single target using bidirectional reflectance; 
(2) subtract this model from the average of a group of target pixels to create the 
forced fit correction; (3) subtract the forced fit correction from the AVIRIS data; (4) 
subtract the path scattered radiance and (5) multiply by the calibration slope. This 
technique requires a single ground target of known bidirectional reflectance and a 
radiosonde atmosphere to constrain the model, in order to generate the forced fit 
function to be applied to the data prior to the atmospheric calibration. Existence of 
a single target of known bidirectional reflectance and a radiosonde atmosphere 
allows a calibration that is within 3 percent of an empirical calibration in the visible 
and 1-2 percent beyond 700 nm,
Reflectance recovered by the default LOWTRAN 7 model is surprisingly close 
to the empirical calibration given the difficulty modelling the radiance observed in 
the second and third spectrometers. It is however within 5 percent reflectance of the 
empirical calibration in the first and fourth spectrometers, except for those 
wavelengths affected by atmospheric water.
When the various calibrations are applied to AVIRIS pixels extracted from 
the Riparian forest, the resulting spectra are darker than the laboratory spectra of 
green leaves. This is because the canopy includes a large component of shade. 
Calibration based on both empirical measurement of the ground and mixing models
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may be better able to account for the shade contained within the canopy reflectance 
spectrum.
The results indicate that atmospheric models are an effective means of 
calibration to reflectance of hyper-spectral radiance data provided they are 
constrained with a single ground target of known reflectance. The default 
LOWTRAN 7 model without constraint, is not able to retrieve reflectance to better 
than 5-8 percent of the empirical approach given the poor accuracy of JPL’s 
radiometric calibration. If the radiometric calibration were more accurate, it would 
be possible to retrieve reflectance without the forced fit procedure.
AVIRIS is able to detect and map the spatial distribution of carbon dioxide, 
oxygen, ozone and water vapor. Preliminary results indicate that photosynthetic 
processes may be detected with the ratio of carbon dioxide to oxygen. Ozone 
appears to be associated with vegetation as a result of the interaction of biogenic 
hydrocarbons produced by vegetation, nitrogen oxide and sunlight.
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LOG RESIDUAL DERIVATION
Radiance as measured by a scanner may be described by the following relationship 
(Green and Craig, 1985):
APPENDIX A
DNsx TSRŜ  11 _
DNS_ = TSRS' I
where: DN; represents the geometric mean of DNik taken over all channels.
The topographic effect may be removed by the following division:
D N sX _ Rsk . _£a 
D N s . R s . I .
The unknown irradiance function may be removed by taking the mean over the 
position:
DN.x _ R.x . Rx 
DN R I
The irradiance may then be removed.
DNSX + DN A 
DNS DN _
log(i?sX) = log (DNsk) - log (DN x ) - log (DN x) 
+ [log(DN / R  ) + log(i?, R x) ]
log(i?sX) = log (DNsX) -  A V G {logX) - AVG(logs)
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DEFINING EQUATIONS FOR LOWTRAN 7
The density rho at an altitude (z) between (ẑ ) and (zj+1) is given by:
p(z) = pj exp [-( z-Zj ) / Hp]
where the scale height HP is:
H P = Z)  I 111 CPy / Py + l)
The column density may be calculated for an absorber through integration of 
density as a function of elevation.
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The density is assumed to be an exponential function between layers and so the 
analytical solution for the average density is:




The waveform g(x) is composed of the sum of sinusoids which are multiplied by 
Fourier coefficients.
g(x) = Aa + ^2  [a cos(2IIrt/t) + b sin(27in/x)]
where:
a, b = Fourier coefficients
f = fundamental frequency
It is convenient to represent the Fourier function in terms of the exponential 
function.
eu = cos (a) + i sin(u)
The limiting integral form of the 2D Fourier transform is given by:
N M
G(u,v) = J2  [ £  W ,S)e ~ " 'M"  "] «
L = 1 S=1






= is the input digital image with N =2n lines and M =2m samples. 
= index line 
S = index sample
G(u,v) = complex valued forward Fourier transform,
u = line index for horizontal frequencies,
v = sample index for vertical frequencies.
The complex image G(u,v) may be broken into its magnitude and phase components:
G(u,v) = G(u,v) + iG(u,v)
I G(u,v) | =<JG(u,v)2 + i G(u,v)2
4> (u,v) = ARCTAN [ —
G(u,v)
The IDIMS magnitude of the Fourier domain provides information on the angular 
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